Objective: In DSM-5, pain-related fear during anticipation of vaginal penetration is a diagnostic criterion of Genito-Pelvic Pain/Penetration Disorder (GPPPD). We aimed to investigate subjective and brain responses during anticipatory fear and subsequent induction of vestibular pain in women with GPPPD. Methods: Women with GPPPD (n = 18) and age-matched healthy controls (HC) (n = 15) underwent fMRI scanning during vestibular pain induction at individually titrated pain threshold after a cued anticipation period. (Pain-related) fear and anxiety traits were measured with questionnaires prior to scanning, and anticipatory fear and pain intensity were rated during scanning using visual analog scales. Results: Women with GPPPD reported significantly higher levels of anticipatory fear and pain intensity. During anticipation and pain induction they had stronger and more extensive brain responses in regions involved in cognitive and affective aspects of pain perception, but the group difference did not reach significance for the anticipation condition. Pain-related fear and anxiety traits as well as anticipatory fear ratings were positively associated with pain ratings in GPPPD, but not in HC. Further, in HC, a negative association was found between anticipatory fear ratings and brain responses in regions involved in cognitive and affective aspects of pain perception, but not in women with GPPPD. Conclusions: Women with GPPPD are characterized by increased subjective and brain responses to vestibular pain and, to a lesser extent, its anticipation, with fear and anxiety associated with responses to pain, supporting the introduction of anticipatory fear as a criterion of GPPPD in DSM-5. http://dx.
Introduction
In DSM-5, Genito-Pelvic Pain/Penetration Disorder (GPPPD) is defined as persistent or recurrent difficulties with vaginal penetration during intercourse (American Psychiatric Association, 2013) . GPPPD is a prevalent condition, being present in 11% to 19% of pre-menopausal women (Traeen and Stigum, 2010; Graaf et al., 2012) , and is associated with high levels of anxiety and depression, low levels of sexual satisfaction, and sexual dysfunction (Bergeron et al., 2014) . Despite the fact that GPPPD is categorized as a sexual dysfunction in DSM-5, it may also be conceptualized as a persistent pain condition or "functional pain syndrome" (van Lankveld et al., 2010; Basson, 2012; Binik, 2005) , as it shares critical features with other such conditions including Irritable Bowel Syndrome (IBS) and fibromyalgia (FM), among others (Mayer and Bushnell, 2009) (chapter 4 and 25) . More specifically, this may be the case for provoked vestibulodynia (PVD), the most prevalent form of GPPPD in pre-menopausal women, characterized by provoked vulvar pain during sexual and non-sexual activities (Mayer and Bushnell, 2009 ). In line with such conceptualization, according to DSM-5, one of the criteria for GPPPD is 'marked fear or anxiety about vulvovaginal or pelvic pain in anticipation of, during or as a result of vaginal penetration' (American Psychiatric Association, 2013) (p.437), postulating a central role of anticipatory fear or anxiety in this condition. Women with GPPPD report higher levels of pain-related fear and anxiety, hypervigilance to pain, and pain catastrophizing than pain-free controls, and these levels are associated with higher perceived pain intensity in GPPPD patients, but work in this disorder is limited by the use of crosssectional designs and self-report measures (Payne et al., 2005; Payne et al., 2007; Brauer et al., 2007) , with mechanistic experimental studies being almost entirely lacking. Pain perception is characterized by a complex non-linear relationship with its nociceptive input due to a complex interplay between "bottom-up" pain signalling/processing on the one hand and "top-down" pain modulation on the other (Wiech et al., 2008) . Through the latter, cognitive-affective processes such as (anticipatory) fear and anxiety can profoundly influence pain perception in healthy humans (Wiech et al., 2008; Bushnell et al., 2013; Fairhurst et al., 2007; Porro et al., 2004; Atlas and Wager, 2012; Denny et al., 2014; Wager et al., 2004; Berman et al., 2008) . In persistent pain conditions such as irritable bowel syndrome (IBS) and fibromyalgia (FM), these mechanisms may be dysfunctional, with anticipatory fear and chronic (pain-related) anxiety amplifying pain transmission and processing and, hence, perception (Berman et al., 2008; Larsson et al., 2012) .
Although still incompletely understood, knowledge on the neural mechanisms underlying pain perception and its modulation by fear/ anxiety, and how these may go awry in functional pain syndromes, is growing. The "pain neuromatrix" is a descriptive collective term for pain-responsive brain regions Mayer et al., 2006; Apkarian et al., 2005) . These regions, however, are by no means specifically or only responsive to pain, and most of them also respond to the anticipation of pain (Bushnell et al., 2013) . Indeed, a recent metaanalysis of brain imaging studies on pain anticipation confirmed the partial overlap of brain regions activated during anticipation and induction of pain in healthy subjects (Palermo et al., 2015) . Further, the "pain neuromatrix" consists of distinct but highly intertwined networks, each of which have their own function in pain perception. This can be illustrated by the brain networks involved in IBS symptom generation. Afferent pain signals are processed in a sensorimotor network consisting of thalamus, basal ganglia, posterior insula, and primary and secondary sensorimotor cortices, whereas the salience of this afferent input is computed in the salience network, consisting of amygdala, medial prefrontal cortex (mPFC), orbitofrontal cortex (OFC), anterior midcingulate cortex (aMCC) and anterior insula. The central executive network (dorsolateral PFC, posterior parietal regions) and emotionalarousal network (locus coeruleus, amygdala, hippocampus, pregenual and subgenual anterior cingulate cortex (pACC, sACC), ventrolateral (vl)PFC and mPFC) are involved in cognitive and emotional responses to and modulation of afferent pain signals. Finally, most of the regions of the emotional-arousal and salience networks overlap with a central autonomic network, including descending modulatory projections to brainstem nuclei (periaqueductal gray (PAG), rostrolateral ventral medulla, which in turn project in a top-down fashion to the dorsal horn of the spinal cord where ongoing pain transmission is being modulated . A meta-analysis of brain imaging studies on pain responses in IBS primarily showed altered responses in networks involved in cognitive and affective aspects of pain perception and its modulation (salience, central executive, emotional-arousal, and central autonomic network), rather than in sensory aspects of pain processing (sensorimotor network) (Tillisch et al., 2011) . Moreover, a study in healthy subjects demonstrated that interindividual differences in painrelated fear and anxiety (but not general anxiety) correlate with brain responses to experimentally induced heat pain in key regions of the emotional-arousal and salience network, including pACC, mPFC and vlPFC/OFC, thereby confirming the key role of these networks in (anticipatory) pain-related fear and anxiety and its role in pain perception (Ochsner et al., 2006) .
However, despite pain-related fear and anxiety being key criteria of a DSM-5 GPPPD diagnosis in women, brain mechanisms underlying pain perception in GPPPD in general, and the putative influence of anticipatory fear and anxiety hereupon in particular, remain poorly understood, as none of the few published brain imaging studies in GPPPD/PVD (Pukall et al., 2005; Schweinhardt et al., 2008; Hampson et al., 2013; Gupta et al., 2015) focused on anticipatory fear and anxiety.
The primary aim of the present study was therefore to investigate subjective and brain responses during anticipation and induction of vestibular pain in women with GPPPD/PVD and in healthy controls (HC). On the behavioural level, we expected in GPPPD versus HC 1) lower vulvar pressure thresholds for moderate pain, 2) higher levels of pain-related fear and anxiety traits (but not general anxiety) as well as higher levels of fear in anticipation of an individually titrated moderate intensity vestibular pain stimulus, and 3) similar pain ratings in response to the pain stimulus (because of the individual titration before scanning). Given the limited amount of previous functional brain imaging research in GPPPD, we refrained from formulating too specific hypotheses on the brain responses, but based on studies in healthy volunteers as well as other persistent pain conditions outlined above, we hypothesized increased brain responses primarily in regions of the central executive, salience, emotional-arousal networks and the overlapping central autonomic network (hence, including prefrontal, cingulate, parietal, medial temporal, and brainstem regions) during both anticipation of and induction of vestibular pain in women with GPPPD compared to HC. As a secondary aim, we explored the association between individual differences in (anticipatory) pain-related fear and anxiety and subsequent pain perception, both at subjective and brain levels. We hypothesized a stronger association between (anticipatory) pain-related fear and anxiety (but not general anxiety) and pain responses, primarily in GPPPD (based on behavioural research in GPPPD), and focused these exploratory analysis on two key regions of the emotional-arousal and salience networks (pACC/mPFC, vlPFC/ OFC) (based on the abovementioned study in healthy subjects).
Methods and materials

Participants
Participants included 18 women diagnosed with GPPPD/PVD (23.3 ± 2.1 years) and 15 age-matched, healthy pain-free controls (23.2 ± 1.6 years), all right-handed. In women with GPPPD, gynecological and/or medical conditions potentially causing vulvovaginal pain were excluded by means of a gynecological assessment performed by an experienced gynecologist (LA) in order to include a homogeneous sample of women with PVD. The psychometric assessment included the MINI International Neuropsychiatric Interview (Lecrubier et al., 1997) , which was performed by a trained and experienced psychiatrist (LVO) to exclude current psychiatric disorders. Detailed information about the gynecologic and psychometric assessment as well as the in-and exclusion criteria are provided as Supplementary Material. Participants gave written informed consent and received a monetary compensation for their participation. The study was reviewed and approved by the Medical Ethical Committee of the University Hospitals Leuven (Identification Number S52995).
Course of the study
During the first visit, participants filled out questionnaires to measure pain-related fear and anxiety traits, including the State-Trait Anxiety Inventory (STAI), Trait scale (van der Ploeg, 2000; Spielberger et al., 1983) ; the Pain Anxiety Symptoms Scale (PASS) (McCracken et al., 1992) ; and the Fear of Pain Questionnaire (FPQ) (McNeil and Rainwater, 1998) . Further, a high resolution structural magnetic resonance imaging (MRI) scan was acquired (details below). The second visit started with the determination of the individual pressure threshold corresponding with moderate pain levels (score of 4 on a visual analogue scale (VAS) ranging from 0 (no pain) to 10 (worst pain imaginable) using a modified vulvalgesiometer (details in Supplementary Methods, device and procedure illustrated in Supplementary Figs. S1 & S2). This individually titrated threshold was used throughout the fMRI session to induce vestibular pain; anticipatory fear was not rated during this individual titration of the pressure threshold for moderate pain prior to scanning. To avoid novelty effects, participants were familiarized with the stimulus and rating procedure during a practice run inside the scanner, prior to the actual fMRI scan session.
fMRI data acquisition and pre-processing
Neuroimaging data were acquired on a Philips Achieva 3.0 Tesla scanner (Philips Medical Systems, Best, the Netherlands) with a 32 channel head-coil. Functional images were collected using an echoplanar imaging sequence with blood oxygen level-dependent contrast (TR/TE = 3000/30 ms, voxel size = 2.50 × 2.50 × 2.50 mm 3 , flip angle 90°, 48 slices of 2.5 mm thick). The high resolution T1-weighted structural scan of the whole-brain was acquired (TR/TE = 9.6/4.6 ms, voxel size = 0.98 × 0.98 × 1.20 mm 3 ).
We pre-processed and analyzed the fMRI data using SPM8 software (Wellcome Trust Centre for Neuroimaging, UCL) (details in Supplementary Methods).
fMRI session: experimental paradigm
The fMRI session consisted of six runs with 2 min rest between the runs. Each run comprised 12 trials and lasted approximately 10 min. Each trial contained a cued anticipation period of variable duration, a pain induction period and a rating and rest period ( Fig. 1 and Supplementary Methods), resulting in a total duration of 45 to 54 s per trial and of approximately 68 min for the entire fMRI session. During the anticipation period, an exclamation point ("!") indicated a 100% chance that pain would be induced during the subsequent pain period (certain condition); a zero ("0") indicated that no pain would be induced (safe condition); and a question mark ("?") indicated a 50% chance that pain would be induced (uncertain condition). Uncertain anticipation conditions were thus part of the paradigm (Fig. 1 , Supplementary Table S1 ), but to keep the current paper sufficiently focused and concise (i.e. within an acceptable word limit), we decided to only report the analyses testing our hypotheses on the certain anticipation and certain pain conditions herein; comparisons with the uncertain conditions will be reported in a separate manuscript on the effect of uncertainty on subjective and brain responses to pain and its anticipation in different conditions including GPPPD.
Data analysis
Descriptive data
Pain threshold and pain-related fear and anxiety traits were compared between groups using independent samples Student's t-tests in SPSS statistical software (version 22.0; Chicago, Inc., IL). All data are shown as mean ± SD or median (Q1; Q3). Since we had an a priori hypothesis about the direction of the difference (i.e. lower pain threshold and higher fear and anxiety traits in GPPPD), we considered a one-tailed p-value < 0.05 significant. Since we performed 3 bivariate tests on the 3 trait variables, we applied a Bonferroni correction to these p-values.
Subjective responses to vestibular pain and its anticipation: behavioural data
Anticipatory fear and pain ratings obtained during scanning were analyzed on a trial-by-trial basis using linear mixed models in SAS 9.3 software (SAS Institute, Cary, NC, USA). Fear and pain ratings were the dependent variables, independent variables included "repetition" (within-subject continuous variable to test the effect of repeated stimulus administration), "condition" (within-subject categorical variable; safe, certain for anticipatory fear; safe no pain and certain pain for pain) and "group" (between-subject categorical variable; GPPPD, HC). All possible interaction effects were included, but for reasons of parsimony, only significant interaction effects were retained in the final models. Planned contrasts using t-tests (one-tailed for the reason mentioned above) with Bonferroni correction for multiple testing were used to test our specific hypotheses (higher levels of anticipatory fear during anticipation in GPPPD versus HC, similar levels of subsequent pain perception due to the individual titration). Random intercepts and slopes for repetition (per participant as well as per condition within participant) were used to model the variance-covariance structure of the data as this model was shown to fit the data best based on Akaike's Information Criterion.
2.3.3. Brain responses to vestibular pain induction and its anticipation: fMRI data 2.3.3.1. First level analysis. Statistical analyses were conducted with a combined event (anticipation period) and block (pain period) design using the generalized linear model (Friston et al., 1994) . To test the hypotheses formulated in this paper, the following contrasts were computed for each individual: 1) anticipation of vestibular pain (certainsafe) and 2) induction of vestibular pain (certain painsafe no_pain ).
Second level analysis.
Whole-brain voxel-based analysis was conducted in SPM8 at a voxel-level threshold of p uncorrected < 0.001 combined with a cluster-level threshold of p FWE-corrected < 0.05 for the within-group analyses (one sample Student's t-test for each contrast). Differences between women with GPPPD and HC were tested using two sample Student's t-tests. Due to lower statistical power, these betweengroup comparisons were performed at a less stringent threshold of p uncorrected < 0.005 at voxel-level combined with a cluster-level threshold of p FWE-corrected < 0.05. For all analyses, a gray matter mask was used. 
Relationship between pain-related fear and anxiety and pain responses at subjective and brain level
For the purpose of regression analysis, we calculated the average of the online VAS ratings of anticipatory fear during the certain and safe anticipation conditions over all trials, and subtracted the ratings obtained during the safe condition from the ratings obtained during the certain condition in each subject (Δcertain -safe). In a similar way, we averaged and subtracted online VAS ratings of pain intensity during the certain pain and safe no_pain conditions (Δcertain pain -safe no_pain ). The associations between these variables, as well as the association with questionnaire data was tested using robust regression models in SAS 9.3 software. Associations with brain responses were conducted using regression analysis in SPM8. As mentioned in the introduction, these exploratory analyses focused on two key regions of the emotionalarousal and salience networks (pACC/mPFC, vlPFC/OFC), based on earlier work on healthy volunteers (Ochsner et al., 2006) . Six mm spheres around the coordinates of the local maxima from this previous study were used as regions of interest for these analyses (pACC/mPFC: − 10, 48, 0; vlPFC/OFC: 30, 40, −8). Voxel-level threshold was set at p FWE-corrected < 0.05 within a mask consisting of both ROIs combined.
2.3.4.1. Questionnaire measures of (pain-related) fear and anxiety traits. The associations between subjective questionnaire measures of pain-related fear and anxiety (FPQ, STAI, PASS) on the one hand and subjective online ratings (Δcertain pain -safe no_pain ) and brain responses to vestibular pain induction (contrast certain pain -safe no_pain ) on the other hand were tested using (robust) regression analysis, in the entire sample, and in women with GPPPD and HC separately.
2.3.4.2. Online ratings of anticipatory fear and pain. The associations between online anticipatory fear ratings during certain anticipation compared to safe anticipation (Δcertain -safe) on the one hand and subjective online ratings (Δcertain pain -safe no_pain ) and brain responses to vestibular pain induction (contrast certain pain -safe no_pain ) on the other hand were tested using (robust) regression analysis, in the entire sample, and in women with GPPPD and HC separately.
Results
Descriptive results: pain threshold and pain-related fear and anxiety traits
Contrary to our hypothesis, pain threshold was not significantly different between HC and women with GPPPD [300 g (range: 250-400 g) versus 289.44 g (range: 200-400 g), Z = 0.34, p = 0.37].
On average, FPQ was significantly higher in GPPPD than in HC [67.50 ± 14.92 vs 55.93 ± 13.77, t(31)=2.296, p = 0.04, Cohen's d = 0.81] (as hypothesized), while no significant differences were found on PASS (not as hypothesized) and STAI (as hypothesized) (Table 1) .
3.2. Primary aim: comparison of subjective and brain responses to anticipation and induction of vestibular pain between HC and GPPPD 3.2.1. Anticipation of vestibular pain 3.2.1.1. Anticipatory fear ratings (online VAS). A significant main effect of condition [F(1,31) = 103.5, p < 0.0001] was found, due to significantly higher ratings in certain (3.39 ± 0.23) compared to safe (0.07 ± 0.23) anticipation, indicating that pain induction indeed resulted in significant levels of anticipatory fear (of low to moderate intensity on average). A significant main effect of repetition [β = 0.03 ± 0.01, F(1,32)=13.5, p = 0.0009] (positive slope over both groups and conditions) and a trend for a main effect of group [F (1,1324) = 2.94, p = 0.087] (higher ratings over both conditions and all repetitions in GPPPD) were also found. A significant repetition * condition interaction effect was found [F(1,32) = 18.4, p = 0.0002], due to a significantly higher slope of repetition in certain (β repetition = 0.06 ± 0.01, p < 0.0001) compared to safe (β repetition = − 0.003 ± 0.01, p = 0.74) anticipation conditions, indicating a linear increase in anticipatory fear ratings with repeated stimulation in the former condition. The condition * group interaction effect was not significant [F(1,1324) = 2.43, p = 0.12], but planned contrasts demonstrated significantly higher ratings in GPPPD versus HC in the certain condition (3.92 ± 0.31 versus 2.88 ± 0.34, p = 0.021), and no difference in the safe condition (0.10 ± 0.31 versus 0.05 ± 0.34, p = 1.0) (Fig. 2) . In summary, our hypothesis that individually titrated moderate levels of vestibular pain would provoke higher levels of anticipatory fear in GPPD versus HC was confirmed in planned contrast analysis directly testing this hypothesis.
Brain responses during anticipation of vestibular pain
3.2.1.2.1. GPPD patients. Significant activations (certain -safe) were found in key regions of virtually all networks comprising the "pain neuromatrix" including sACC, pACC, aMCC, vlPFC, OFC, (pre) motor cortex, SI/SII, (posterior) insula, caudate head & pallidum, thalamus, midbrain, parahippocampal gyrus, hypothalamus, precuneus, and inferior parietal cortex. No significant deactivations (safe -certain) were found (Fig. 3A , Table 2A ).
3.2.1.2.2. Healthy controls. In HC, significant activations (certainsafe) were found in right SI only. No deactivations (safe -certain) were found ( Fig. 3B , Table 2B ). Table 1 Comparison of (pain-related) fear and anxiety traits in women with genito-pelvic pain/penetration disorder (GPPPD; n = 18) and healthy controls (HC; n = 15). 3.2.1.2.3. Between-group comparison. No significant differences were found at the pre-defined combined voxel-and cluster-level threshold. However, stronger activation was found in women with GPPPD compared to HC [contrast (certain -safe) GPPPD > (certainsafe) HC ] in a key region of the emotional-arousal network (pACC/ vmPFC; local maximum − 6, 42, 16), as hypothesized, reaching significance at the voxel-level threshold (T = 3.41, p uncorr = 0.001), but not at the additional cluster-level threshold (k = 44, p uncorr = 0.072, p FWE-corr = 0.77). No regions showed stronger activation in HC compared to GPPPD [contrast (certainsafe) HC > (certain -safe) GPPPD ], even when the additional clusterlevel threshold was omitted. 3.2.2. Induction of vestibular pain 3.2.2.1. Pain intensity ratings (online VAS). A significant main effect of condition [F(1,31) = 184.1, p < 0.0001] was found, due to significantly higher ratings in certain pain (4.17 ± 0.22) compared to safe no_pain (0.01 ± 0.22), indicating that pain induction indeed resulted in moderate levels of pain as intended. A significant main effect of repetition [β = 0.04 ± 0.01, F(1,32) = 25.0, p < 0.0001] was found (positive slope over both groups and conditions), the main effect of group was not significant [F(1,1324) = 2.72, p = 0.10]. Further, a significant repetition * condition interaction effect was found [F(1,32) = 26.4, p < 0.0001], due to a significantly higher slope of repetition in certain pain (β repetition = 0.07 ± 0.01, p < 0.0001) compared to safe no_pain (β repetition = − 0.001 ± 0.01, p = 0.94), indicating a linear increase in pain intensity ratings with repeated stimulation in the former condition. The condition * group interaction effect [F(1,1324) = 2.43, p = 0.08] revealed a trend, but planned contrasts demonstrated significantly higher ratings in GPPPD versus HC in the certain pain condition (4.69 ± 0.29 versus 3.66 ± 0.32, p = 0.017) (contrary to what we expected because of the individual titration of the stimulus intensity prior to scanning), and no difference in the safe no_pain condition (0.002 ± 0.29 versus 0.03 ± 0.32, p = 1.0) (Fig. 4) .
Measures
Brain responses during induction of vestibular pain
3.2.2.2.1. GPPPD patients. Activations (certain pain -safe no_pain ) were found in key regions of virtually all networks comprising the "pain neuromatrix" including vlPFC, dlPFC, insula, aMCC, thalamus, caudate, SI, SII, supramarginal gyrus, inferior parietal lobule, precentral gyrus, and premotor cortex, as well as some regions that are not generally considered part of the "pain neuromatrix", including middle temporal gyrus, cerebellum, and left calcarine and lingual gyrus. No significant deactivations (safe no_pain -certain pain ) were found (Table 3A and Fig. 5A ).
3.2.2.2.2. Healthy controls. Significant activations (certain painsafe no_pain ) were primarily found in sensorimotor network regions including (posterior-mid) insula, SI, and SII as well as in one central executive regions (inferior parietal lobule). Activations were also found in regions outside the "pain neuromatrix" including inferior frontal gyrus, middle temporal gyrus, calcarine and lingual gyrus. The hippocampus and parahippocampal gyrus, key emotional-arousal/ central autonomic regions were deactivated (safe no_pain -certain pain ), as well as central executive region (angular gyrus), and middle occipital gyrus outside the "pain neuromatrix" (Table 3B and Fig. 5B & C) .
3.2.2.2.3. Between-group comparison. In comparison to HC, women with GPPPD showed significantly stronger activations [contrast (certain pain -safe no_pain ) GPPPD > (certain pain -safe no_pain ) HC ] in key emotional-arousal/central autonomic network regions: amygdala, hippocampus, and parahippocampal gyrus (significant at cluster level in the right hemisphere, trend at cluster level in the right hemisphere) ( Table 4 , Fig. 6 ). Further, stronger activation in GPPPD compared to HC was found in bilater pACC/vmPFC, but this difference did not reach significance at cluster level. All these differences were driven by deactivation in HC and activation in GPPPD, as evident from the within-group analyses reported above (Fig. 4, Table 3 ). No regions showed more activation in HC compared to GPPPD [contrast (certain pain -safe no_pain ) HC > (certain pain -safe no_pain ) GPPPD ].
3.3. Secondary aim: relationship between fear, anxiety and pain responses 3.3.1. (Pain-related) fear & anxiety traits (questionnaires) 3.3.1.1. Association with subjective pain ratings (online VAS). As hypothesized, in the entire sample (HC + GPPPD), scores on the FPQ (β robust = 0.035 ± 0.017, p = 0.043) and PASS (β robust = 0.030 ± 0.013, p = 0.026), but not STAI-trait anxiety (β robust = −0.036 ± 0.044, p = 0.42) were significantly and positively associated with online pain ratings (Δcertain painsafe no_pain ). Again in line with our hypothesis, the association with the PASS score is driven by GPPPD (β robust = 0.044 ± 0.018, p = 0.013) and not HC (β robust = 0.012 ± 0.018, p = 0.51). This was also the case for the FPQ score, although the association in GPPPD only did not reach significance here (GPPPD: β robust = 0.035 ± 0.024, p = 0.15; HC: β robust = 0.010 ± 0.043, p = 0.81).
3.3.1.2. Association with brain responses to pain. In HC, ROI-based regression analysis showed a significant negative association of FPQ score with brain responses to pain (contrast certain pain -safe no_pain ) in left pACC (local max −9, 45, − 5, T = 3.21, p FWE-corr = 0.045). No significant positive associations were found in HC. In GPPPD, no significant positive nor negative associations were found ( Supplementary Fig. S3A ). There were no significant between-group differences.
No significant within-group associations were found with STAI and PASS scores, nor were any between-group differences found.
Anticipatory fear ratings (online VAS)
3.3.2.1. Association with pain ratings (online VAS). In the entire sample (HC + GPPPD), anticipatory fear ratings (Δcertain -safe) were significantly and positively associated (β robust = 0.74 ± 0.14, p < 0.0001) with pain ratings (Δcertain pain -safe no_pain ). This was driven by a significant association in GPPPD (β robust = 0.070 ± 0.017, p < 0.0001) which was absent in HC (β robust = 0.57 ± 0.47, p = 0.23). These findings confirm our hypothesis.
3.3.2.2.
Association with brain responses to pain. Compared to women with GPPPD, HC showed a significantly stronger negative association between anticipatory fear ratings (Δcertain -safe) and brain responses to pain (contrast certain painsafe no_pain ) in left pACC (ROI analysis, interaction effect: local max −6, 45, −2, T = 3.87, p FWEcorr = 0.0.011). Within-group analysis showed that the interaction effect was driven by a significant negative association in HC (ROI analysis: local max − 6, 45, − 2, T = 4.65, p FWE-corr = 0.0018) ( Supplementary Fig. S3B ).
Discussion
The primary aim of this study was to examine subjective and brain responses to experimentally induced vestibular pain and its anticipation in women with GPPPD/PVD and HC. Contrary to our hypothesis, we found similar vestibular pain thresholds between both groups., Hence, intensity of the individually titrated pain stimuli used during scanning was on average similar between both groups, yet perceived pain intensity was higher in GPPPD (contrary to what we expected). However, as hypothesized anticipatory fear ratings toward the pain stimuli were higher in women with GPPPD compared to HC, although it should be noted that significance was only found in planned contrast analysis testing our hypotheses directly, with only trends being found for the main effect of group and group-by-condition interaction effects. In parallel, brain responses during anticipation and induction of vestibular pain were more extensive and stronger in women with GPPPD compared to HC, although it should be acknowledged that between-group differences did not reach statistical significance for the anticipation contrast (except for one cluster in the pACC if the additional cluster- Fig. 4 . Trial-by-trial online pain intensity ratings in women with genito-pelvic pain/penetration disorder (GPPPD) and healthy control women (HC). For results of the statistical analysis, see text. level threshold was omitted). As hypothesized, these differences were found primarily in networks of the "pain neuromatrix" that are primarily involved in cognitive and affective aspects of pain perception, including descending pain modulation, such as the salience, emotionalarousal, central executive and central autonomic networks (Bushnell et al., 2013; Mayer et al., 2006; Mayer et al., 2015) . Further, exploratory correlation analyses demonstrated that pain-related fear and anxiety traits as well as anticipatory fear ratings (online VAS) were positively associated with online pain ratings in GPPPD but not in HC. Also, in HC, a negative association between pain-related fear and anxiety traits and online anticipatory fear ratings on the one hand and brain responses to pain on the other was found in the pACC (Atlas and Wager, 2012; Vogt, 2005) . Brain responses during anticipation of vestibular pain were found in women with GPPPD in regions involved in salience detection (aMCC) (Vogt, 2005; Bushnell et al., 2013; Spielberger et al., 1983) as well as cognitive and affective aspects of and responses to pain perception (pACC, parahippocampal gyrus, vlPFC, posterior parietal cortex) (Bushnell et al., 2013; Mayer et al., 2006; Bishop et al., 2004; Bishop, 2009; Coghill et al., 1999; Kano et al., 2013) . In addition, we found increased activity in sensorimotor network regions such as basal ganglia, thalamus, posterior insula, SI and SII, and premotor cortex, which may be interpreted as an increased preparatory response of the body to react to a threat such as pain (Cunnington et al., 2005) . In controls, only activation in SI was found during anticipation. As between-group differences for the anticipation contrast did not reach significance (except for a pACC cluster which did not survive the additional corrected cluster-level significance threshold), potentially due to a lack of power to detect between-group differences, we need to be cautious in interpreting these results. We nevertheless believe they are in line with our hypothesis, although replicating in a larger sample would be needed to confirm significance of the between-group results. Generally, these findings are in line with studies (in HC) showing that key regions in various networks of the "pain neuromatrix" including aMCC, vlPFC, vmPFC and dlPFC, SII, thalamus, and insula Bushnell et al., 2013; Apkarian et al., 2005; Yoshida et al., 2013; Sawamoto et al., 2000; Song et al., 2006) are not only activated during actual pain induction, but also during its anticipation, suggesting that these activations have a preparatory function. Although there is some overlap in brain regions activated during anticipation of pain and during pain induction, recently, it has been demonstrated that anticipation of pain activates a specific neural network in healthy participants, distinct from the one involved in pain perception (Palermo et al., 2015) . The brain can either up-regulate or down-regulate sensory and cognitive/affective and autonomic brain regions during anticipation based on expected intensity, previous experience and familiarity with the stimulus (Atlas and Wager, 2012; Denny et al., 2014; Mayer et al., 2006) . More specifically, in healthy participants, brain activity in key emotional-arousal and autonomic brain regions (dorsal brainstem, (anterior) insula, amygdala and sACC) decreases during certain expectation of a painful stimulus, while this is not the case in patients with other persistent pain conditions such as IBS and FM (Berman et al., 2006; Burgmer et al., 2011) . Indeed, compared to HC, IBS and FM patients showed increased anticipatory activation in regions involved in salience detection and emotional-arousal responses ("dorsal anterior cingulate cortex", corresponding to aMCC/pACC, vlPFC, dorsal brainstem) (Berman et al., 2008; Lowen et al., 2015) , cognitive control and attention (dlPFC, posterior parietal cortex) (Burgmer et al., 2011; Lee et al., 2012; Icenhour et al., 2015) , and descending pain modulation (midbrain/PAG, dorsal brainstem) (Burgmer et al., 2011; Lowen et al., 2015) . As such, the present findings in GPPPD corroborate findings in other persistent pain conditions, and we may speculate that the activations of brain regions involved in salience detection, emotion/ arousal, executive functioning, and autonomic and pain modulatory responses during the anticipation of pain may underlie the hypervigilance toward painful stimuli and the increased levels of pain-related fear and anxiety found in previous non-brain imaging studies in women with GPPPD (Payne et al., 2005) . To the best of our knowledge, no studies on brain responses to pain anticipation in GPPPD have been performed before. However, Gupta et al. found that the decreased connectivity between the posterior cingulate cortex and the other regions of the default mode resting state network between GPPPD and HC could be accounted for by increased levels of (general) anxiety in GPPPD patients. Due to the differences in design (task-based versus resting state) and measurement of anxiety (pain-specific fear and anxiety traits versus levels of general anxiety over the past two weeks), comparing the results of both studies is difficult.
As hypothesized, and in line with the brain imaging literature in other persistent pain conditions (Bushnell et al., 2013; Apkarian et al., 2005) , brain responses during pain induction were significantly stronger in emotional-arousal regions (parahippocampal gyrus, amygdala, hippocampus), and, to a lesser extent, pACC/vmPFC (as the latter cluster did not survive the additional corrected cluster-level threshold) (Bushnell et al., 2013; Atlas and Wager, 2012; Mayer et al., 2006; Vogt, 2005; Kano et al., 2013) in women with GPPPD. Results diverge from the only two previous fMRI studies on vestibular pain induction in women with GPPPD. Pukall et al. found significantly stronger responses in insular cortex, precentral gyrus and left supramarginal gyrus (Pukall et al., 2005) . The fact that, in the latter study, no cued anticipation condition was included and that controls perceived the vestibular touch as non-painful due to the use of stimuli of fixed intensity rather than individually titrated stimuli may explain the divergent findings. In a more recent study using stimuli at individually titrated pain threshold, no differences in brain activation were found during vestibular pain induction when comparing women with GPPPD and controls (Hampson et al., 2013) . These findings may be due to the heterogeneous group of GPPPD participants, consisting of provoked and unprovoked as well as primary and secondary vestibulodynia. In our study, increased brain responses in women with GPPPD were mainly found in regions involved in cognitive and affective-motivational aspects of the pain experience (Mayer et al., 2006; Vogt, 2005; Ploghaus et al., 2003; Ploghaus et al., 1999) . These findings may indicate that in GPPPD, pain induction activates more negative emotions, cognitions and memories and may reflect an inability to reduce emotional arousal during repeated painful stimulation. Alternatively, the higher perceived pain intensity in GPPPD may have accounted for these results. However, this interpretation is unlikely as adding the average online VAS ratings of pain intensity during the certain pain and safe no_pain conditions (Δcertain painsafe no_pain ) as a covariate to the comparison of brain responses between GPPPD and HC had virtually no impact on the results (details not shown). At the subjective level, pain-related fear and anxiety traits as well as online anticipatory fear ratings were positively associated with online pain ratings in women with GPPPD, but not in HC. Further, scores on the FPQ (reflecting the trait of pain-related anxiety), but not on the PASS or the STAI (the latter reflecting non-specific trait anxiety) were higher in women with GPPPD, as expected. At the brain level, in HC, an inverse association between online momentary anticipatory fear ratings and brain responses to pain was found in the pACC (Atlas and Wager, 2012; Vogt, 2005) . This negative association was not found in GPPPD, yielding a significant between-group difference. A similar pattern was observed for FPQ scores (i.e. negative association in HC, but not in GPPPD), but the between-group difference did not reach significance here. Our findings reveal that chronic, traitlike pain-related anxiety may upregulate pain perception in GPPPD, while trait anxiety (that is not specific to pain) does not, indicating the central role of pain-related anxiety in vestibular pain perception. In HC, acute anticipatory fear for the upcoming vestibular pain stimulus downregulates the subsequent pACC response to this pain stimulus, which may be adaptive and in line with acute anti-nociceptive effects of fear (Rhudy and Meagher, 2000) . This mechanism was not found in GPPPD, which may be reflected in the positive association between anticipatory fear and pain ratings in GPPPD. Findings support the modulatory role of pain-related fear and anxiety on pain perception, and the differential brain response pattern previously found in patients with persistent pain conditions (Bushnell et al., 2013; Apkarian et al., 2005) . Our results therefore provide empirical evidence validating the addition of painrelated fear and anxiety in the diagnostic criteria of GPPPD in DSM-5 (American Psychiatric Association, 2013).
Contrary to previous findings in GPPPD, pressure thresholds for moderate pain were similar in both groups (Pukall et al., 2002; Pukall et al., 2004; Granot et al., 2002) . The need for individually titrated pain thresholds and repeated painful stimulation without causing injury in the present study may have led to the exclusion of both GPPPD women with lower pain thresholds, and HC with higher pain thresholds, which may account for these unexpected results. Despite the resulting similar (average) intensity of the pain stimuli applied during scanning (due to the individual titration and lack of difference in pain thresholds), in both groups, pain intensity ratings (and online ratings of anticipatory fear, as expected) were significantly higher in women with GPPPD compared to HC, which is in line with studies showing that the pain experience is amplified in patients with chronic pain conditions (Bushnell et al., 2013; Apkarian et al., 2005) . Finally, stress/fear/ anxiety induced by the scanner environment may have amplified pain perception (as well as the underlying brain responses) more strongly in GPPPD patients than controls, which may provide an additional explanation for the higher pain ratings during scanning in GPPPD, despite similar intensity stimuli being used in both groups. Such an interpretations would provide further arguments for an important role of fear and anxiety in upregulating pain perception and, hence, symptom generation, in GPPPD. Partly in line with this interpretation, we recently demonstrated that the MRI scanner environment amplifies visceral (but not somatic) pain perception in IBS, albeit a similar phenomenon was found in healthy volunteers (in whom the difference in pain ratings correlated with levels of psychological distress over the past weeks) (Wong et al., 2016) . Several limitations of this study need to be mentioned. Although common in neuroimaging studies using pain induction in patients with persistent pain conditions, the sample size is relatively small, resulting in low statistical power (Button et al., 2013) , which may explain the lack of between-group differences surviving the additional corrected cluster-level threshold in the anticipation condition. Also, the clinical sample was limited to women with PVD without any involuntary pelvic floor muscle contraction ('vaginistic reflex') during gynecological examination. Although PVD mostly co-occurs with a certain degree of pelvic floor muscle tension (Reissing et al., 2004) , participants with involuntary pelvic floor muscle tension were excluded in order to limit movement during the scanning session. Finding may thus not generalize to all women with GPPPD and to pain-free women.
The results of this study have implications for our understanding of the pathophysiology of GPPPD, which may in turn have implications for improving treatment. Since pain-related fear and anxiety are important targets of current treatment modalities such as cognitive-behavioural therapy (ter Kuile and Weijenborg, 2006; Bergeron et al., 2008) and body-mind therapies (Brotto et al., 2010) , increased knowledge of brain mechanisms in these patients can be a crucial first step toward a better understanding of the mechanisms of action and efficacy of these treatments, and may in turn contribute to the development, and/or improvement of future treatments.
In conclusion, this study is the first to demonstrate that, despite similar intensity of pain stimuli, not only subjective, but also brain responses during induction and, to a lesser extent, anticipation of vestibular pain are increased in GPPPD, mostly in regions involved in cognitive and affective aspects of the pain experience. At the subjective level, pain-related fear and anxiety traits as well as momentary anticipatory fear ratings were positively associated to pain perception in GPPPD, while at the brain level, questionnaire-based trait measures of pain-related fear and anxiety, and acute, momentary measures of anticipatory fear for the vestibular pain stimulus were differentially associated with pACC responses during pain induction. Although confirmation in a larger sample is needed, we believe our findings support the addition of pain-related fear and anxiety in the diagnostic criteria of GPPPD in DSM-5, emphasize the importance of (anticipatory) pain-related fear and anxiety in the modulation of pain perception in GPPPD, as well as a start to unravel its biological basis.
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